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In view of the large differences in the previous calculations of enhancement factors to the parity
and time-reversal violating (P,T-odd) electric dipole moment (EDM) of 225Ra due to nuclear Schiff
moment (NSM) and tensor-pseudotensor (T-PT) electron-nucleus (e-N) interactions between the
relativistic coupled-cluster (RCC) theory and other many-body methods, we employ the relativistic
normal coupled-cluster (RNCC) theory to explain the discrepancies. The normalization of the wave
function in the RNCC theory becomes unity by construction. This feature removes the ambiguity
associated with the uncertainties in calculations that could arise due to mismatch in cancellation
of the normalization factor of the wave function in a truncated RCC method. Moreover, all the
terms in the expression for EDM using the RNCC method naturally terminate, in contrast to the
RCC approach. By taking an average of the results from two variants each of both the RCC and
RNCC methods, we recommend enhancement factors to the EDM of 225Ra due to NSM as −6.29(1)
×10−17|e|cm (|e|fm3) and due to T-PT e-N coupling constant as −12.66(14) ×10−20〈σN 〉|e|cm, for
the nuclear Pauli spinor σN . This is corroborated by analyzing the dipole polarizability (αd) value
of 225Ra, which is obtained as 244(13) ea30. We also compare our results for all three properties
with previous calculations that employ different many-body methods. Our αd value agrees very well
with the results that are obtained by carrying out rigorous analyses using other variants of RCC
methods.
I. INTRODUCTION
Atomic systems are excellent candidates to probe elec-
tric dipole moments (EDMs), which arise due to par-
ity and time-reversal symmetry (P,T-odd) violating in-
teractions [1–3]. Due to the CPT theorem, T viola-
tion implies CP violation [4]. Hence, EDMs can also
be viewed as arising due to CP violation. The EDMs of
diamagnetic atoms, having closed-shell electronic config-
urations, are more sensitive to the nuclear Schiff moment
(NSM) and the tensor-pseudotensor (T-PT) interactions
between the electrons and nucleus (e-N). The CP violat-
ing quark-quark (q-q) interactions, as well as the EDMs
and chromo-EDMs of quarks, manifest themselves as CP-
violating nucleon-nucleon (n-n) interactions and EDMs
of nucleons, respectively, which in turn are related to
the NSM in atoms [5]. The T-PT e-N interaction, on
the other hand, stems from the T-PT electron-quark (e-
q) interactions. The Standard Model (SM) of particle
physics is known to have withstood many stringent ex-
perimental tests till date. However, it is considered as
an intermediate manifestation of a complete theory as
the SM cannot still explain many observations such as
neutrino oscillations, existence of dark matter and dark
energy, etc. [6]. It is necessary to have more CP violating
interactions than those present in the SM, in order to ex-
plain the discrepancy between the observed and the pre-
dicted SM value for the matter-antimatter asymmetry in
the Universe [7, 8]. The SM also predicts non-zero, but
extremely small values for the EDMs, whereas theories
∗ bijaya@prl.res.in
beyond the SM predict much larger values for them [6].
Therefore, EDM experiments have become extremely im-
portant in probing theories beyond the SM, and also in
providing insights into the baryon asymmetry problem.
For example, the T-PT e-q interactions will be able to
test leptoquark models [9].
EDM measurements have been carried out on the
129Xe, 199Hg and the radioactive 225Ra diamagnetic
atoms. Recently, two groups have reported improved
measurements to the EDM in 129Xe [10, 11]. They pro-
vide improved values over the previous result, which was
(0.7± 3.3stat ± 0.1sys)× 10−27|e|cm with 95% confidence
interval (C.L.) [12]. One of the groups obtains the 129Xe
EDM as (0.26±2.33stat±0.07sys)×10−27|e|cm (95% C.L.)
[11], and the other one reports it to be (−4.7± 6.4stat ±
0.085sys) ×10−28|e|cm (95% C.L.) [10], hence improving
the earlier result by about three-halves and nine-halves,
respectively. In all of the results given above, the sub-
scripts ‘stat’ and ‘sys’ refer to statistical and systematic
uncertainties, respectively. However, the most stringent
EDM limit to date comes from 199Hg as da(
199Hg) < 7.4
×10−30|e|cm (95% C.L.) [13]. The first result for the
measurement of EDM in the radioactive 225Ra atom has
been reported with limit da(
225Ra)< 1.4 × 10−22|e|cm
(95% C.L.) [14]. The advantage of performing an EDM
experiment with this atom is that its measurement is
enhanced by 3 orders, as compared to 129Xe and 199Hg
atoms, due to its exceptionally large nuclear octupole
deformation [15, 16]. Thus, the above limit on EDM
could be seen as being equivalent to ∼ 10−25|e|cm. An
improvement of 5 or 6 orders in the measurement limit
of EDM in 225Ra could surpass the limit obtained from
199Hg, and the improved and competitive bound could
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2then be used for inferring the EDMs of quarks and e-q
CP violating parameters. Improving this limit is quite
possible as 225Ra has a relatively long lifetime (∼ 15
days), and the atom itself can be laser cooled [17]. There-
fore, one could obtain a relatively large number of atoms
and a long coherence time for an EDM experiment with
225Ra in a laser trap, which in turn could improve the sta-
tistical sensitivity. Lastly, laser cooled systems also aid
in the reduction of the motional magnetic field system-
atic effect [18]. Nevertheless, it is imperative to measure
the EDM in a number of atomic systems, to distinguish
contributions from various sources to the EDM, like the
NSM, the T-PT e-N interaction, the EDM of the elec-
tron, etc. [19].
It has been demonstrated that in the calculations of
enhancement factors in 225Ra to EDMs due to NSM and
T-PT e-N interactions, electron correlation effects are
quite large (e.g. see, Ref. [2, 3, 20]). Our previous cal-
culations on these quantities by employing a relativistic
coupled-cluster (RCC) theory differ by about 40%, as
compared to the results obtained from other variants of
relativistic many-body methods [21]. Though the RCC
theory is an all-order perturbative method and it includes
electron correlation effects due to core-polarization and
other effects on equal footing, the relevant expressions
used to evaluate the EDM enhancement factors possess
non-terminating terms in the numerator and denomi-
nator. If one chooses to directly evaluate these terms,
one encounters many disconnected parts that contain
the dipole operator (D) in the diagrammatic approach,
and their inclusions are cumbersome and computation-
ally very expensive. In practical calculations, the numer-
ator is factored into a term containing only connected
terms with D and a term with disconnected parts, and
the latter is cancelled out with the denominator [22].
This cancellation is exact only in the complete RCC the-
ory (e.g. see Refs. [23, 24]). However, this is not the case
in an approximated RCC theory, thereby introducing un-
certainties in the calculations. This problem can be cir-
cumvented by employing the relativistic normal coupled-
cluster (RNCC) theory, as demonstrated recently [25, 26],
in which the normalization factor of the wave function
does not appear in the calculations of EDM enhance-
ment factors by formulation. Moreover, the expression
for determining EDM obeys the Hellman-Feynman the-
orem and terminates naturally [27–29]. We wish to note
at this point that in both Hg as well as Xe, the RCC
and the RNCC results were in good agreement with each
other[25, 26].
In this work, we employ the RNCC theory to evalu-
ate the enhancement factors to EDMs due to NSM and
T-PT e-N interactions in 225Ra. These results are then
compared with those from the RCC theory and other
many-body methods. We also demonstrate two equiv-
alent, but not really equal, ways of evaluating atomic
EDM. We then introduce and elaborate on the RCC and
the RNCC theories, and provide the expressions for eval-
uating a property using these two methods, and by em-
ploying the two equivalent approaches in each of them.
We also evaluate the static dipole polarizability (αd) of
225Ra and compare our results with the previously avail-
able calculations from various RCC methods.
The manuscript is structured as follows: Sec. II in-
troduces the reader to the two dominating P and T vio-
lating interactions in a closed-shell atom, viz. the T-PT
and the NSM, motivates the need for accurate atomic
calculations, and their importance in obtaining bounds
on properties of interest to new physics that lies beyond
the SM. Sec. III introduces the atomic EDM, and a per-
turbative approach to treat the P,T-odd interactions of
interest to us. Sec. IV discusses the results that we ob-
tain by using these techniques in detail, and compare
the results for αd with previously obtained values in lit-
erature that use accurate methods. From this analysis,
we give our recommended value for αd. Subsequently,
we also explain our approach in obtaining recommended
values for da due to T-PT as well as NSM. We proceed
to expound our analysis of the individual contributions
to the final results of αd, da due to T-PT, as well as that
due to the NSM.
II. DOMINANT P,T-ODD INTERACTIONS IN
225RA
The EDM interaction Hamiltonian due to NSM is
given by [2, 30]
HNSMEDM =
3S.r
B4
ρN (r), (1)
where S = S II is the NSM and B4 =
∫∞
0
drr4ρN (r).
In terms of pion-nucleon-nucleon (pi-n-n) coupling coeffi-
cients, S can be expressed as [31–33]
S = gpinn × (a0g¯(0)pinn + a1g¯(1)pinn + a2g¯(2)pinn), (2)
where gpinn ' 13.5 is the CP-even pi-n-n coupling con-
stant, ais are the polarization parameters of the nuclear
charge distribution, and g¯
(i)
pinns with i = 1, 2, and 3
represent the isospin components of the CP-odd pi-n-n
coupling constants. These couplings are related to the
chromo-EDMs of up-quark (d˜u) and down-quark (d˜d).
Thus, it is necessary to obtain accurate values of S
by combining atomic calculations with the experimen-
tal EDM result in order to deduce the limits on d˜u and
d˜d from them.
The T-PT e-N interaction Hamiltonian is given by
[20]
HT−PTEDM = i
√
2GFCT
∑
e
σN · γeρN (re), (3)
where GF reads as the Fermi constant, CT is the e-N
T-PT coupling constant, σN= 〈σN 〉 II is the Pauli spinor
of the nucleus for the nuclear spin I, ρN (r) is the nu-
clear density and the subscripts N and e represent the
nucleonic and electronic coordinates, respectively. At the
3elementary particle physics level, CT can be expressed as
a linear combination of electron–up-quark and electron–
down-quark T-PT coupling coefficients.
III. PERTURBED RCC AND RNCC METHODS
The EDM of the ground state (|Ψ0〉) of an atomic
system is given by
da ≡ 〈D〉 = 〈Ψ0|D|Ψ0〉〈Ψ0|Ψ0〉 . (4)
Since the permanent EDM arises due to P,T-odd inter-
actions, parity is not a good quantum number to de-
scribe atomic states in the presence of these interactions.
It is highly non-trivial and challenging to compute such
mixed-parity atomic states in the spherical coordinate
system. The P,T-odd interactions under consideration
are extremely feeble, as compared to the dominant elec-
tromagnetic interactions in an atom. Therefore, we can
treat a P,T-odd weak interaction as a perturbation over
the electromagnetic interactions for evaluating atomic
wave functions, by expressing it as
|Ψ0〉 = |Ψ(0)0 〉+ λ|Ψ(1)0 〉w +O(λ2), (5)
where |Ψ(0)0 〉 is the zeroth-order wave function due to
the electromagnetic interactions and |Ψ(1)0 〉w is the first-
order wave function due to a P,T-odd weak interaction.
Further, in the above equation, λ is the perturbative pa-
rameter for the corresponding P,T-odd weak interaction,
and the last term O(λ2) contains higher-order terms in
λ. The investigated P,T-odd weak interactions are so
small that O(λ2) contributions could be safely neglected
in our analysis. We only consider the Dirac-Coulomb
(DC) Hamiltonian (HDC) to describe the electromag-
netic interactions keeping in mind the required level of
accuracy in the present study.
After using the above approximation, the expression
for da yields
da
λ
' 2 〈Ψ
(0)
0 |D|Ψ(1)0 〉w
〈Ψ(0)0 |Ψ(0)0 〉
. (6)
As mentioned earlier, we intend to demonstrate a credible
approach for the numerical evaluation of an atomic EDM.
For this purpose, we expand the first-order perturbed
wave function in the above expression using a sum-over-
states approach; i.e.
da
λ
' 2
∑
I 6=0
〈Ψ(0)0 |D|Ψ(0)I 〉〈Ψ(0)I |Hint|Ψ(0)0 〉
〈Ψ(0)0 |Ψ(0)0 〉(E(0)0 − E(0)I )
, (7)
where λHint is a P,T-odd interaction Hamiltonian, and
the summation I is over all possible intermediate states,
except the ground state. In the above expression, Es
with superscripts (0) refer to energies of the unperturbed
states. Now, we can rearrange the above expression as
da
λ
' 2
∑
I 6=0
[
〈Ψ(0)0 |D
]
⊗
[
|Ψ(0)I 〉〈Ψ(0)I |Hint|Ψ(0)0 〉
〈Ψ(0)0 |Ψ(0)0 〉(E(0)0 − E(0)I )
]
= 2
∑
I 6=0
[
〈Ψ(0)0 |D|Ψ(0)I 〉〈Ψ(0)I |
〈Ψ(0)0 |Ψ(0)0 〉(E(0)0 − E(0)I )
]
⊗
[
Hint|Ψ(0)0 〉
]
= 2
∑
I 6=0
[
〈Ψ(0)0 |Hint
]
⊗
[
|Ψ(0)I 〉〈Ψ(0)I |D|Ψ(0)0 〉
〈Ψ(0)0 |Ψ(0)0 〉(E(0)0 − E(0)I )
]
= 2
〈Ψ(0)0 |Hint|Ψ(1)0 〉d
〈Ψ(0)0 |Ψ(0)0 〉
, (8)
where |Ψ(1)0 〉d represents the first-order perturbed wave
function due to λD. It to be noted that we have in-
voked the hermitian properties of both the operators
while rewriting the above expression. Eqs. (6) and (8)
are mathematically equal, but they should be treated
as being equivalent from a computational point of view.
This is due to the fact that we use an approximated
method to determine wave functions and the radial be-
haviors of both Hint and D are very different. Therefore,
a comparison of the EDM values obtained from both the
approaches by employing a method at a given level of
truncation would help in understanding the accuracy of
the result and validate the approximation made in that
method, by looking for the agreement between the two
calculations. It is worth mentioning here that the ex-
pression given by Eq. (6) should be treated as being
more appropriate than Eq. (8), while the latter is just a
mathematical recast of the former.
Though we suggest to use both Eqs. (6) and (8) to
test the numerical inaccuracies in the evaluation of da/λ,
the difference in our obtained results reflect the imbal-
ance in the calculations of |Ψ(1)0 〉w and |Ψ(1)0 〉d. There-
fore, it is also necessary to demonstrate reliability in
the determination of |Ψ(0)0 〉 independently. One of the
most pertinent approaches to test this is by evaluating
a ground state property and comparing the same with
its precisely measured experimental result, if available.
It can be shown that both Eqs. (6) and (8) correspond
to the expression for αd, when H
int is replaced with D.
Since D is an odd-parity operator and its rank is one,
which is the same as that of the considered P,T-odd in-
teraction Hamiltonians, it would be appropriate to cal-
culate αd and find out its accuracy by using our RCC
and RNCC methods. However, there is no experimental
value of αd that is available for
225Ra, in order to make a
comparison with our calculation. It would still be alright
to calculate this property and compare our results with
available values that are obtained by rigorous theoretical
studies.
In the RCC theory, the ground state wave function of
a closed-shell atom is expressed as
|Ψ0〉 = eT |Φ0〉, (9)
4where |Φ0〉 is a mean-field wave function, which is ob-
tained by solving the Dirac-Fock (DF) equations in this
case, T is RCC operator that takes care of all possible
particle-hole excitations arising from |Φ0〉. The ampli-
tudes are obtained by solving the following equations
〈Φ∗0|H¯N |Φ0〉 = 0, (10)
where HN = H−〈Φ0|H|Φ0〉 is the normal ordered Hamil-
tonian, a |Φ∗0〉 in each equation corresponds to a possi-
ble excitation configuration from |Φ0〉. In our notation,
O¯ = (OeT )c for an operator O, with the subscript c
meaning that the resulting terms in the expression con-
tains connected terms. The energy (E0) of the ground
state can be obtained by
E0 = 〈Φ0|H|Φ0〉+ 〈Φ0|H¯N |Φ0〉. (11)
After obtaining |Ψ0〉, we determine EDM as
da =
〈Φ0|eT †DeT |Φ0〉
〈Φ0|eT †eT |Φ0〉
. (12)
Following the linked-diagram theorem, we obtain [23, 24]
da =
〈Φ0|eT †DNeT |Φ0〉c〈Φ0|eT
†
eT |Φ0〉
〈Φ0|eT †eT |Φ0〉
= 〈Φ0|eT †DNeT |Φ0〉c. (13)
However, this is exact only for a complete RCC the-
ory. In an approximated RCC method, cancellation of
the normalization factor in Eq. (13) will not be exact.
On the other hand, considering the general expression
given by Eq. (12) demands a large amount of computa-
tion because the exponential form of the wave function
in the RCC theory could give rise to a large number of
disconnected diagrams. Under such circumstances, it is
still desirable to use Eq. (13) for evaluating the EDM
in an approximated method as most of the terms associ-
ated with these disconnected diagrams in Eq. (12) almost
cancel out leaving behind only fairly small contributions,
which could introduce some uncertainties in the calcu-
lations, which cannot be precisely predicted a priori, as
it also depends on factors such as the choice of system.
Nevertheless, the use of either of the Eqs. (12) and (13)
do not satisfy the Hellmann-Feynman theorem [27].
The problem discussed above is circumvented in the
RNCC method, where the bra state of |Ψ0〉 is introduced
as [27, 29]
〈Ψ˜0| = 〈Φ0|(1 + Λ)e−T , (14)
where Λ is a de-excitation operator like the conjugate
T † operator of T in the RCC theory but with different
amplitude. It follows that
〈Ψ˜0|Ψ0〉 = 〈Φ0|(1 + Λ)e−T eT |Φ0〉
= 〈Φ0|(1 + Λ)|Φ0〉 = 1, (15)
implying that 〈Ψ˜0| and |Ψ0〉 satisfy the bi-orthogonal
condition. Therefore, it is possible to avoid the appear-
ance of the normalization factor of the wave function
while determining any properties, by replacing the bra
state of |Ψ0〉 with 〈Ψ˜0|, provided it gives the same en-
ergy eigenvalue E0. Now,
〈Ψ˜0|H|Ψ0〉 = 〈Φ0|(1 + Λ)e−THeT |Φ0〉
= 〈Φ0|H|Φ0〉+ 〈Φ0|H¯N |Φ0〉
+〈Φ0|ΛH¯|Φ0〉
= E0 + 〈Φ0|ΛH¯|Φ0〉
= E0 + 〈Φ0|ΛH¯N |Φ0〉c. (16)
Comparing Eqs. (11) and (16), it is obvious that we can
get E0 using the RNCC theory by imposing
〈Φ0|ΛH¯N |Φ0〉c = 0, (17)
besides the bi-orthogonal condition given by Eq. (15).
The amplitude equation to be solved for Λ is given by
〈Φ0|ΛH¯N |Φ∗0〉 = −〈Φ0|H¯N |Φ∗0〉. (18)
With the knowledge of amplitudes corresponding to the
T and Λ operators, we can evaluate EDM as
da =
〈Φ0| (1 + Λ) D¯N |Φ0〉c
〈Φ0| (1 + Λ) e−T eT |Φ0〉
= 〈Φ0|ΛD¯N |Φ0〉c. (19)
It is evident that in this expression, the normalization
factor of the wave function does not appear by the virtue
of its formulation. Eq. (19) also contains only a finite
number of terms. This is also true for an approximated
RNCC method. Furthermore, it satisfies the Hellmann-
Feynman theorem [27].
Having mentioned the differences between the gen-
eral approaches in the RCC and RNCC theories to de-
termine da values, we now turn to the evaluation of the
zeroth-order and first-order perturbed wave functions as
required by Eqs. (6) and (8). In the RCC theory, these
wave functions can be obtained by expanding the cluster
operators as
T = T (0) + λT (1), (20)
giving rise to
|Ψ(0)0 〉 = eT
(0) |Φ0〉, (21)
and
|Ψ(1)0 〉w/d = eT
(0)
T (1)w/d|Φ0〉, (22)
where the superscripts w and d on the RCC operators
stand for perturbation due to the weak interaction Hamil-
tonian and dipole operator, respectively.
Substituting H = HDC + λHint, or H = HDC + λD
and expanding T in Eq. (10), we can get the amplitudes
of T (0), T (1)w and T (1)d RCC operators by solving the
following equations
〈Φ∗0|H˜DCN |Φ0〉 = 0, (23)
〈Φ∗0|H˜DCN T (1)w|Φ0〉 = −〈Φ∗0|H˜intN |Φ0〉 (24)
5TABLE I. The calculated values of the static dipole polariz-
ability, αd (in units of ea
3
0), da due to T-PT e-N interaction (in
units of ×1020CT 〈σN 〉|e|cm) and da due to NSM (in units of
×1017S|e|cm/(|e|fm3) using the DF, RCCSD and RNCCSD
methods. Methods employed by perturbing the system with
weak interaction Hamiltonians and with the dipole operator
are denoted by superscripts w and d, respectively. Results
from previous RCC as well as other many-body theories are
also presented for comparison.
da value
Method αd T-PT NSM
This work
DF 204.209 −3.453 −1.847
RCCSDw 230.110 −9.774 −6.183
RCCSDd −12.519 −6.284
RNCCSDw 256.918 −13.148 −7.053
RNCCSDd −12.803 −6.295
Recommended 244(13) −12.66(14) −6.29(1)
Previous RCC calculations
DK+CCSD(T) [34] 246.2
ARPP+CCSD(T) [35] 251.12
RCCSD(T) [36] 242.8
PRCCSD [37] 242.42
RCCSD(T) [21] 241.40 −10.01 −6.79
RCCSD [20] −9.926 −6.215
RCCSD(T) [38] 236 −9 − 6.1
Previous RPA calculations
Ref. [39] −17 −8.3
Ref. [40] 291.4 −16.59
Ref. [3] 297 −8.5
Ref. [21] 296.85 −16.66 −8.12
Previous CI+MBPT calculations
Ref. [39] −18 −8.8
Ref. [3] 229.9
and
〈Φ∗0|H˜DCN T (1)d|Φ0〉 = −〈Φ∗0|D˜N |Φ0〉, (25)
respectively, where the notation O˜ = (OeT
(0)
)c is used.
After obtaining amplitudes for both the unperturbed and
perturbed operators, we can now evaluate the EDM fol-
lowing Eqs. (6) and (13) as
da
λ
= 2〈Φ0|DNT (1)w|Φ0〉c (26)
and following Eqs. (8) and (13) as
da
λ
= 2〈Φ0|HintN T (1)d|Φ0〉c (27)
where O = eT
(0)†
OeT
(0)
. As mentioned earlier, both Eqs.
(26) and (27) are the same but a careful inspection shows
that the former involves a non-terminating series in DN
and T (1)w with finite terms, while the latter also involves
an infinite series, but in H
int
N and T
(1)d contains finite
TABLE II. Contributions to the static dipole polarizability,
αd (in units of ea
3
0), of
225Ra from individual terms of the
RCCSD and RNCCSD methods. The entry ‘Others’ refers to
the terms that are not mentioned in the previous rows. The
superscripts (0) and (1) denote the order of perturbation for
the corresponding T or Λ.
RCC term Contribution RNCC term Contribution
DT
(1)
1 135.157 DT
(1)
1 135.157
T
(1)
1
†
D 135.157 Λ
(1)
1 D 143.200
T
(0)
1
†
DT
(1)
1 −10.076 Λ(0)w1
†
DT
(1)
1 −3.286
T
(1)
1
†
DT
(0)
1 −10.076 Λ(1)1
†
DT
(0)
1 −10.992
T
(0)
2
†
DT
(1)
1 −15.918 Λ(0)2
†
DT
(1)
1 0.000
T
(1)
1
†
DT
(0)
2 −15.918 Λ(1)1
†
DT
(0)
2 −16.856
T
(0)
1
†
DT
(1)
2 1.127 Λ
(0)
1
†
DT
(1)
2 0.363
T
(1)
2
†
DT
(0)
1 1.127 Λ
(1)
2
†
DT
(0)
1 0.000
T
(0)
2
†
DT
(1)
2 8.008 Λ
(0)
2
†
DT
(1)
2 −0.145
T
(1)
2
†
DT
(0)
2 8.008 Λ
(1)
2
†
DT
(0)
2 −0.227
Others −6.486 Others 9.704
FIG. I. A schematic representation of the contributions to αd
in 225Ra from RCCSD and RNCCSD methods. Here, Y is
used to denote the T † operator of the RCCSD method and
the Λ operator of the RNCCSD method. The superscripts (0)
and (1) denote the order of perturbation for the corresponding
Y or T .
terms. This means that Hint and also D are not treated
equally in both Eqs. (26) and (27), which may cause dif-
ferences in the results when an approximated RCC theory
is employed.
We now turn to a perturbative approach to evaluate
the atomic EDM using the RNCC theory. Pursuing sim-
6TABLE III. Comparison of contributions to the da value (in units of ×1020CT 〈σN 〉|e|cm) of 225Ra due to T-PT e-N interaction
among individual terms of the RCCSD and RNCCSD methods. ‘Others’ refers to the terms that are not mentioned here. The
notation with the superscripts (0) and (1) is the same as in the previous table. The results obtained by perturbing the system
with the weak P,T-odd Hint (in this case, the T-PT Hamiltonian) is denoted by the superscript w, while the superscript d is
used when the dipole operator D is treated as a perturbation on the RCC and RNCC operators.
Perturbing by P,T-odd Hamiltonian Perturbing by dipole operator
RCC term Contribution RNCC term Contribution RCC term Contribution RNCC term Contribution
DT
(1)w
1 −6.467 DT (1)w1 −6.467 HintT (1)d1 −5.427 HintT (1)d1 −5.427
T
(1)w
1
†
D −6.467 Λ(1)w1 D −8.517 T (1)d1
†
Hint −5.427 Λ(1)d1 Hint −5.754
T
(0)
1
†
DT
(1)w
1 −0.055 Λ(0)1
†
DT
(1)w
1 −0.022 T (0)1
†
HintT
(1)d
1 −0.643 Λ(0)1
†
HintT
(1)d
1 −0.277
T
(1)w
1
†
DT
(0)w
1 −0.055 Λ(1)w1
†
DT
(0)
1 0.013 T
(1)d
1
†
HintT
(0)
1 −0.643 Λ(1)d1
†
HintT
(0)
1 −0.735
T
(0)
2
†
DT
(1)w
1 1.656 Λ
(0)
2
†
DT
(1)w
1 0.000 T
(0)
2
†
HintT
(1)d
1 −0.972 Λ(0)2
†
HintT
(1)d
1 0.000
T
(1)w
1
†
DT
(0)
2 1.656 Λ
(1)w
1
†
DT
(0)
2 1.962 T
(1)d
1
†
HintT
(0)
2 −0.972 Λ(1)d1
†
HintT
(0)
2 −1.033
T
(0)
1
†
DT
(1)w
2 −0.044 Λ(0)1
†
DT
(1)w
2 −0.018 T (0)1
†
HintT
(1)d
2 −0.046 Λ(0)1
†
HintT
(1)d
2 −0.019
T
(1)w
2
†
DT
(0)
1 −0.044 Λ(1)w2
†
DT
(0)
1 0.000 T
(1)d
2
†
HintT
(0)
1 −0.046 Λ(1)d2
†
HintT
(0)
1 0.000
T
(0)
2
†
DT
(1)w
2 −0.078 Λ(0)2
†
DT
(1)w
2 −0.014 T (0)2
†
HintT
(1)d
2 −0.035 Λ(0)2
†
HintT
(1)d
2 −0.037
T
(1)w
2
†
DT
(0)
2 −0.078 Λ(1)w2
†
DT
(0)
2 0.047 T
(1)d
2
†
HintT
(0)
2 −0.035 Λ(1)d2
†
HintT
(0)
2 −0.064
Others 0.202 Others −0.131 Others 1.726 Others 0.543
ilarly as in the RCC theory, we can express
Λ = Λ(0) + λΛ(1)w (28)
and
Λ = Λ(0) + λΛ(1)d (29)
by considering λHint and D as the perturbation, respec-
tively. Following Eq. (18), we can get the amplitude
equations for the Λ(0), Λ(1)w and Λ(1)d RNCC operators
as
〈Φ0|Λ(0)H˜DCN |Φ∗0〉 = −〈Φ0|H˜DCN |Φ∗0〉, (30)
〈Φ0|Λ(1)wH˜DCN |Φ∗0〉 = −〈Φ0|H˜intN
(
1 + Λ(0)
)
+H˜DCN T
(1)w|Φ∗0〉 (31)
and
〈Φ0|Λ(1)dH˜DCN |Φ∗0〉 = −〈Φ0|D˜N
(
1 + Λ(0)
)
+H˜DCN T
(1)d|Φ∗0〉, (32)
respectively. It follows from Eq. (17) that the conditions
〈Φ0|Λ(1)wH¯DCN +
(
1 + Λ(0)
)
H¯intN |Φ0〉c = 0 (33)
and
〈Φ0|Λ(1)dH¯DCN +
(
1 + Λ(0)
)
D¯N |Φ0〉c = 0 (34)
must be imposed, while solving for the amplitudes of
Λ(1)w and Λ(1)d, respectively. This yields the expressions
for evaluating the EDM after perturbing with Hint and
D as
da
λ
= 〈Φ0|Λ(1)wD˜N +
(
1 + Λ(0)
)
D˜NT
(1)w|Φ0〉
c
(35)
and
da
λ
= 〈Φ0|Λ(1)dH˜intN +
(
1 + Λ(0)
)
H˜intN T
(1)d|Φ0〉
c
,(36)
respectively. In the above expressions, the factor 2 does
not appear due to the fact that both the ket and bra
states are treated differently. Here, both Eqs. (35) and
(36) contain naturally terminating expressions and inter-
change of D and Hint should, in principle, give identical
results. However, it is possible to encounter large un-
certainties while treating Hint or D as a perturbation
in order to obtain the first-order correction to the wave
function due to their different convergence behaviors.
Again, we can determine αd values by replacing H
int
by D in both the perturbed RCC and RNCC theories.
As a result, the asymmetry between Hint and D ap-
pearing in these theories cannot be distinguished for this
property. We consider all possible one particle-one hole
(denoted by subscript 1) and two particle-two hole (de-
noted by subscript 2) excitations in both the RCC the-
ory (RCCSD method) and the RNCC theory (RNCCSD
method), in which case the excitation operators are given
by
T (0/1) = T
(0/1)
1 + T
(0/1)
2
and
Λ(0/1) = Λ
(0/1)
1 + Λ
(0/1)
2 . (37)
For the calculations of the EDM enhancement factors
due to NSM and T-PT e-N interaction, we use λ = 1.0×
10−17S|e|cm/(|e|fm3) and λ = 1.0×10−20CT 〈σN 〉|e|cm,
respectively, while we choose λ = 1 for the evaluation
of αd. We present results from both the RCCSD and
RNCCSD methods in the following section.
7IV. RESULTS AND DISCUSSION
We use Gaussian type orbitals (GTOs) [41–43] to de-
fine the large and small components of the single-particle
orbitals to carry out our calculations. These GTOs are
optimized by comparing bound orbitals with those ob-
tained numerically by employing the General Relativis-
tic Atomic Structure Program (GRASP2) [44]. All to-
gether, we produce orbitals up to a principal quantum
number of n = 40 up to l = 4 angular momentum sym-
metry. Among these, excitations of electrons among 20
s-orbitals, 19 p-orbitals, 18 d-orbitals, 16 f-orbitals and
12 g-orbitals are carried out both in the RCCSD and
RNCCSD methods. Contributions from beyond these or-
bitals are investigated using a second-order perturbation
theory and they are found to be negligibly small. It is
worth adding here that the energy cut-off values were as
high as about 3500 atomic units for s, 2500 for p, 1800
for d, 600 for f, and 500 for the g symmetries. Such care-
ful choice of values could ensure that the basis functions
in each symmetry are spread out evenly across a wide
energy range.
In Table I, we present αd and da values due to the
T-PT e-N interaction and NSM that we obtained from
both the RCCSD and RNCCSD methods. To distin-
guish the results obtained by perturbing the system with
the weak T-PT or NSM interaction from those obtained
by perturbing with the dipole interaction, we denote the
methods that use the former with the superscript w and
those with the latter by using the superscript d. As
mentioned in Sec. I, we report our results by using the
RCCSDw method and compare them with results ob-
tained using other many-body methods in Ref. [21]. In
Table I, we compare the results with earlier RCC calcu-
lations. For completeness, we have also added previous
works that employ other many-body methods, such as
random phase approximation (RPA) [3, 21, 39, 40] and
a hybrid approach of configuration interaction method
with many-body perturbation theory (CI+MBPT) [3, 39]
to the above table. The RPA results, calculated using
a V N potential, are subsumed in the RCC framework.
The CI+MBPT hybrid approach employs a V (N−2) po-
tential, while ours uses a V N potential to obtain the
single-particle orbitals. Moreover, their approach does
not capture electron correlations as effectively as a RCC
approach, which becomes crucial for Ra due to its pro-
nounced correlation effects. Turning our attention to the
earlier RCC calculations, we find that the they are very
similar to our present results; with the minor differences
attributed to the use of more optimized GTOs in this
work. Nonetheless, it can be noticed that the da values
due to both the T-PT and NSM interactions obtained
using the RCCSDw and RCCSDd approaches differ sub-
stantially. As stated in Sec. III, in these approaches,
Hint and D are treated differently; and hence their ra-
dial behaviors are completely dissimilar. These can be
the reasons for the discrepancies between the above two
procedures in the RCCSD method. In contrast, we find
FIG. II. A pictorial illustration of contributions from various
RCCSD and RNCCSD methods to da due to T-PT e-N in-
teraction in 225Ra. Values are scaled by (1020CT 〈σN 〉|e|cm).
Here, Y is used as a dummy operator, and is the T † opera-
tor in the RCCSD method or the Λ operator in the RNCCSD
method. The notations for the superscripts (0) and (1) are the
same as in the previous figure. The superscript x is w when
we perturb with the weak interaction Hamiltonians, and is d
in the case of using the dipole operator. The operator O is
either the T-PT operator or the dipole operator, depending
on whether x is d or w, respectively.
less discrepancies among the da values due to T-PT that
are obtained by adopting the RNCCSDw and RNCCSDd
approaches. This could be due to the fact that RNCCSD
method does not involve any non-terminating expres-
sions. However, the difference between the da value
due to NSM between the RNCCSDw and RNCCSDd ap-
proaches are found to be significant. On other hand, da
values between the RCCSDd and RNCCSDd approaches
are seen to be agreeing quite well while large differences
are observed between the results from the RCCSDw and
RNCCSDw approaches.
In Sec. III, we had mentioned that the results ob-
tained by the RCCSDw and RNCCSDw approaches are
to be regarded as being the correct way of determining
da values in atomic systems. However, the above finding
demonstrates that these results may not be reliable. As
mentioned earlier, it would be appropriate to determine a
physical property using the above methods and compare
the results with its experimental value to understand the
reliability of the calculations. From this point of view,
the calculation of αd would be very appropriate to make
such a comparison. We have obtained the value of αd
as 230.110 ea30 and 256.918 ea
3
0 from the RCCSD and
RNCCSD methods, and they differ substantially. Com-
8pared to the DF value of 204.209 ea30, the RCCSD re-
sult seems to only add a relatively small correlation con-
tribution while in the RNCCSD method, the contribu-
tion is substantial. It is worth noting here that we have
adopted Exclusion-Principle-Violating (EPV) diagrams
in the implementation of the RCCSD and RNCCSD
methods [45]. In such a case, unphysical contributions
cancel out through the direct and exchange terms due to
the Fermi-Dirac statistics. Since the employed RCCSD
method involves non-terminating terms in the determi-
nation of αd and da values, it can introduce unphysical
contributions in the calculations due to brute-force ter-
mination of the expression. Unfortunately, there is no
experimental value of αd available for Ra atom to test
the validity of our RCCSD and RNCCSD results. There-
fore, it would be necessary to compare our calculations
with other theoretical studies, mainly in the framework
of RCC theory, which have analyzed electron correlation
effects in αd rigorously.
As can be seen from Table I, our RCCSD result for αd
agrees with the value obtained using CI+MBPT method.
However, the RNCCSD result seems to be closer to the
other RCC calculations as discussed below. Lim et al [34]
computed αd by using the Douglas-Kroll Hamiltonian
and incorporating spin-orbit coupling interaction. They
had employed contracted GTOs and reported an αd of
248.56 ea30 using the coupled-cluster with singles, dou-
bles and partial triples (CCSD(T) method) approxima-
tion. Their final recommended value was (246.2 ± 4.9)
ea30. Later, they had revised its value to 251.12 ea
3
0 [35]
by using a j-averaged scalar relativistic pseudo poten-
tial (ARPP) and allowing correlation among the outer-
core and valence electrons in the CCSD(T) method.
Borschevsky et al [36] performed calculations to obtain
αd using an uncontracted universal basis set in the rel-
ativistic CCSD(T) method (RCCSD(T) method). They
also employed the DC Hamiltonian and the Gaunt term,
to obtain a final result of 242.8 ea30. All these RCC meth-
ods adopt the finite-field approach to evaluate αd. An-
other calculation by Chattopadhyay et al [37] reported
its value as 242.42 ea30 using the perturbed RCC theory
like ours (denoted by PRCC method) by considering the
Dirac-Coulomb-Breit Hamiltonian. Our earlier calcula-
tion using RCCSD method and including the corrections
from partial triples give its value as 241.40 ea30 [21].
All the above theoretical calculations show that αd
value would lie in between 240 and 250 ea30. By taking
an average of the values from the RCCSD and RNCCSD
methods employed in this work, we get an αd of 243.514
ea30. Taking into account deviation of RCCSD and
RNCCSD results from the average value, we recommend
a value of 244(13) ea30 for αd of the Ra atom. This value
is in agreement with the above findings. From these
analyses of the αd result, we draw the conclusion that
RCCSD method gives a lower estimate to a possible true
value. It may be due to unequal cancellation of unphys-
ical contributions arising through EPV diagrams due to
forcibly terminating an otherwise infinite series appear-
ing in this method. On the other hand, the RNCCSD
approach overestimates αd. The inclusion of triple exci-
tations in both the RCC and RNCC theories may lead
to a much better agreement. We would like to empha-
size on the fact that trends in the contributions from
triple excitations through RCC theory will be very dif-
ferent than those from the RNCC theory. However, im-
plementations of full triple excitations in these methods
by adopting a spherical coordinate system are very chal-
lenging because of involvement of complicated angular
momentum couplings. On the basis of these considera-
tions, we would offer recommended values of da due to
the T-PT e-N interaction and NSM by taking the aver-
age of the results from the RCCSD and RNCCSD meth-
ods. Since da values differ substantially when they are
evaluated by considering the weak interaction Hamilto-
nian as a perturbation to the wave function and the case
where the dipole operator is chosen instead, it would
be necessary to understand the possible origins of er-
rors that cause these discrepancies. One such source,
as already mentioned earlier, is the forcible termination
of the expression appearing in the RCC theory. Errors
could stem from the large numerical uncertainties associ-
ated with equations that determine the amplitudes of the
first-order perturbed wave functions. We have adopted
a Jacobi-iterative scheme to solve Eqs. (24), (25), (31)
and (32). We observe that for the RCCw case, the am-
plitudes turn out to be unusually large in the first few
iterations, especially for the NSM interaction, and they
gradually reduce and converge to a very small value af-
ter a sufficiently long period of time. On the other hand,
the first-order perturbed wave functions due to dipole
operator converge smoothly. This may be the main rea-
son for observing consistent da results from the RCCSD
d
and RNCCSDd approaches. On this basis, we consider
these results to be more reliable. Now, proceeding in a
similar manner as in the case of the αd result, we recom-
mend da values as −12.66(14)× 10−20CT 〈σN 〉|e|cm and
−6.29(1) × 10−17S|e|cm/(|e|fm3) due to T-PT e-N and
NSM interactions, respectively. Here, we have neglected
the contributions to da values due to Breit and quantum
electrodynamics (QED) interactions as previous calcula-
tions suggest that they add little to the results obtained
without these interactions [21].
We now turn to the trends in electron correlation ef-
fects from different approximations in order to under-
stand the possible reasons of discrepancies in the results
and gain insights into various contributions to the inves-
tigated properties. In Table II, we present the individual
contributions to αd from the RCCSD and the RNCCSD
methods. Here, we drop superscripts w and d on the
RCC and RNCC operators as they do not serve any pur-
pose. We use a shorthand notation both in the table
and in the text that follows, for ease of description. It
is immediately evident from the table that the dominant
contributions are coming from DT
(1)
1 , and its hermitian
conjugate (h.c.) for the RCCSD method or Λ
(1)
1 D for
9TABLE IV. Comparison of contributions the da value (in 10
17S|e|cm/(|e|fm3) of 225Ra due to NSM interaction between the
individual terms of the RCCSD and RNCCSD methods. The notation in use is borrowed from the previous table, with Hint
being the NSM interaction Hamiltonian here.
Perturbing by P,T-odd Hamiltonian Perturbing by dipole operator
RCC term Contribution RNCC term Contribution RCC term Contribution RNCC term Contribution
DT
(1)w
1 −3.770 DT (1)w1 −3.770 HintT (1)d1 −2.720 HintT (1)d1 −2.720
T
(1)w
1
†
D −3.770 Λ(1)w1 D −3.931 T (1)d1
†
Hint −2.720 Λ(1)d1 Hint −2.705
T
(0)w
1
†
DT
(1)w
1 0.003 Λ
(0)w
1
†
DT
(1)w
1 0.001 T
(0)d
1
†
HintT
(1)d
1 −0.315 Λ(0)d1
†
HintT
(1)d
1 −0.155
T
(1)w
1
†
DT
(0)w
1 0.003 Λ
(1)w
1
†
DT
(0)w
1 0.015 T
(1)d
1
†
HintT
(0)d
1 −0.315 Λ(1)d1
†
HintT
(0)d
1 −0.337
T
(0)w
2
†
DT
(1)w
1 0.768 Λ
(0)w
2
†
DT
(1)w
1 0.000 T
(0)d
2
†
HintT
(1)d
1 −0.519 Λ(0)d2
†
HintT
(1)d
1 0.000
T
(1)w
1
†
DT
(0)w
2 0.768 Λ
(1)w
1
†
DT
(0)w
2 0.796 T
(1)d
1
†
HintT
(0)d
2 −0.519 Λ(1)d1
†
HintT
(0)d
2 −0.561
T
(0)w
1
†
DT
(1)w
2 0.023 Λ
(0)w
1
†
DT
(1)w
2 0.008 T
(0)d
1
†
HintT
(1)d
2 −0.026 Λ(0)d1
†
HintT
(1)d
2 −0.012
T
(1)w
2
†
DT
(0)w
1 0.023 Λ
(1)w
2
†
DT
(0)w
1 0.000 T
(1)d
2
†
HintT
(0)d
1 −0.026 Λ(1)d2
†
HintT
(0)d
1 0.000
T
(0)w
2
†
DT
(1)w
2 −0.207 Λ(0)w2
†
DT
(1)w
2 0.004 T
(0)d
2
†
HintT
(1)d
2 −0.002 Λ(0)d2
†
HintT
(1)d
2 −0.039
T
(1)w
2
†
DT
(0)w
2 −0.207 Λ(1)w2
†
DT
(0)w
2 0.013 T
(1)d
2
†
HintT
(0)d
2 −0.002 Λ(1)d2
†
HintT
(0)d
2 −0.055
Others 0.182 Others −0.188 Others 0.880 Others 0.290
the RNCCSD method. The contribution from Λ
(1)
1 D is
found to be larger than DT
(1)
1 . This trend is opposite
to that found in 129Xe and 199Hg, as shown in recent
studies [25, 46]. These terms contain the lowest-order
DF contributions, therefore the differences between the
DF results and contributions from these terms are due
to the correlation effects. As described in the previous
studies [46, 47], the leading order pair-correlation and
core-polarization effects are incorporated through these
terms. The next dominant set of terms are T
(1/0)
1/2 DT
(0/1)
2/1
in the RCCSD method, and their counterparts in the
RNCCSD method. The slash denotes that the first and
the second subscripts are either 1 or 2, respectively, or
vice-versa, and the corresponding first and the second
superscripts are either (1) or (0), respectively, or vice-
versa. These are the higher-order correlation contribu-
tions. On further examination of the table, we see the
interplay between the different terms and their signs that
in turn explain why the result from the RCCSD method
is much lesser than that obtained using the RNCCSD ap-
proach. The terms T
(0)
1 DT
(1)
1 through T
(1)
1 DT
(0)
2 in the
RCCSD method add to about −52 ea30, while the terms
Λ
(0)
1 DT
(1)
1 through Λ
(1)
1 DT
(0)
2 in the RNCCSD method
add to about −31 ea30 to their final values of αd. This is
attributed to the rather large ‘asymmetry’ between the
contributions from the terms Λ
(0)
1 DT
(1)
1 and Λ
(1)
1 DT
(0)
1 ,
and the fact that Λ
(0)
2 DT
(1)
1 does not contribute in the
RNCCSD method. Moreover, in the RCCSD method,
the positive values of T
(0)
2 DT
(1)
2 and T
(1)
2 DT
(0)
2 partially
balance out the other higher-order terms (labelled ‘Oth-
ers’) that are negative, leading to a low value of αd for
it, as compared to the RNCCSD method. In case of the
RNCCSD method, the cancellations are not only lesser,
but also contain higher-order terms that add to the net
contribution. The table, thus, serves as an illustration
of the rich and complex meshing of terms that eventu-
ally leads to the observed differences between the RCCSD
and the RNCCSD values of αd. In other words, the extra
correlation contribution from RNCC method to the final
value is in fact a consequence of lesser cancellations. In
Fig. I, we demonstrate pictorially the trends of contri-
butions from various RCCSD and RNCCSD terms to αd
for better understanding of these differences.
In a similar spirit, in Table III, we shall now ex-
amine carefully the additions and cancellations at play
among the individual terms that lead to the final da
value arising due to the T-PT e-N interaction Hamil-
tonian. The obtained results by perturbing with this
P,T-odd interaction Hamiltonian and with the dipole op-
erator D are given side by side in the table, for ease of
comparison. This can help in a comprehensive under-
standing of the roles of various correlation effects and to
find out plausible reasons for differences in the results
from both the approaches. For convenience, we shall
refer to the R(N)CCSD results obtained by perturbing
through weak interaction Hamiltonian as R(N)CCSDw,
and by R(N)CCSDd otherwise. By examining the table,
one can see why results from the RCCSDw approach is
the highest among the four approaches. We shall first
look into the dominant contributions, which come from
from DT
(1)
1 , and its h.c. for the RCCSD method or Λ
(1)
1 D
for the RNCCSD method, very much like in the case of
αd. We find that although the dominant contribution
(DT
(1)w
1 , and its h.c.) in the RCCSD
w approach is more
negative (−12.934 units) than those (DT (1)d1 , and its h.c.
from RCCSDd and DT
(1)d
1 and Λ
(1)d
1 D from RNCCSD
d)
from the two R(N)CCSDd methods (−10.854 units for
RCCSDd and −11.181 for RNCCSDd), this is offset by
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FIG. III. A bar graph of contributions from various RCCSD
and RNCCSD methods to da due to NSM interaction in
225Ra. Values are scaled by (1017S|e|cm/(|e|fm3)). We adopt
the same notations as in the previous figures here, with the
operator O being either the NSM interaction Hamiltonian or
the dipole operator, depending on the choice for the pertur-
bation.
positive contributions from T
(0)
2 DT
(1)w
1 and T
(1)w
1 DT
(0)
2
to −9.622 units, while consistent negative contributions
leave the RCCd and the RNCCd values at −12.798 and
−12.214 units, respectively. We find that the rest of
the contributions are negligible for our purposes (due to
cancellations among themselves), and therefore conclude
that the RCCSDw value is greater than its R(N)CCSDd
counterparts, due to the cancellation between these two
dominant contributions being very pronounced. Lastly,
we shall comment on the RNCCSDw value, which is the
lowest, at −13.148 units, by only invoking the two most
dominant terms (the rest of the terms do not affect the
analysis). We observe that the cause of a low net value,
besides others discussed above, is due to two reasons:
Λ
(1)w
1 D being more negative than its RCC counterpart,
and also Λ
(0)†
2 DT
(1)w
1 being zero. These trends are also
reflected in Fig. II and leads to visualizing clearly the im-
portance of correlation effects from various terms. Also,
comparing this figure with Fig. I can provide insights into
the differences in the radial behavior of dipole operator
and T-PT e-N interaction Hamiltonian.
We now present individual contributions to da due
to the NSM interaction from the RCCSD and RNCCSD
methods in Table IV. These are also depicted in Fig. III
for their qualitative behaviour, but as in the previous
analysis, we need to take recourse to arithmetic to be
able to explicitly identify the dominant terms systemat-
ically. For example, a cursory glance at this figure and
comparing with Fig. II indicates that the trends are al-
most similar for both the T-PT and NSM interactions in
the evaluation of da in
225Ra. However, there are still
some notable differences that stand out, leading to all
the four values being relatively close to each other and
the results from R(N)CCSDd matching very well with
each other as compared to their R(N)CCSDw counter-
parts. The first difference between the trends in the T-
PT and NSM is that the DT
(1)w
1 , and its h.c. from the
RCCSD method are very close to DT
(1)w
1 and Λ
(1)w
1 D
from the RNCCSD method (−7.54 and −7.701 units,
respectively), while the values are even closer for the
R(N)CCSDd case (−5.44 and −5.425 units, respectively).
Since the final values for da due to the NSM obtained
from RCCSDd and RNCCSDd are very close to each
other, one would naively expect the second most dom-
inant contributions to be almost equal. However, this
is not true. One sees that although the sum of the rest
of the terms except ‘Others’ are very different (−1.724
and −1.159 units from RCCSDd and RNCCSDd, respec-
tively), and so are the contributions from ‘Others’ (0.880
and 0.290 units from RCCSDd and RNCCSDd, respec-
tively), the combined sum in each of these methods are
very similar, and remarkably, when they are combined
further with the dominant contribution (DT
(1)w
1 , and its
h.c. from the RCCSD method and DT
(1)w
1 and Λ
(1)w
1 D
from the RNCCSD method), the two final values almost
match. On the other hand, terms except the most domi-
nant ones do not add up symmetrically for R(N)CCSDw
cases, and give 1.356 and 0.649 units for RCCSDw and
RNCCSDw, respectively, thereby causing the disagree-
ment between their final values.
V. CONCLUSIONS
In this work, we employ the relativistic normal
coupled-cluster (RNCC) theory to verify the previous rel-
ativistic coupled-cluster (RCC) calculations on the elec-
tric dipole moment (EDM) of 225Ra due to parity and
time-reversal violating nuclear Schiff moment and the
tensor-pseudotensor electron-nucleus interactions. The
problems of unequal cancellation in the normalization of
the wave function and appearance of a non-terminating
series in evaluating the EDM in the RCC theory are cir-
cumvented by the RNCC theory. We find large differ-
ences among the results for EDM between the RCC and
RNCC theories at the level of singles and doubles exci-
tations approximations. To verify the accuracies of our
calculations, we have also determined dipole polarizabil-
ities using both RCC and RNCC theories, and compared
them with the results that have been obtained previously
by employing other RCC methods. Further, we evaluated
EDMs by formulating a mathematically equivalent ex-
pression for them by perturbing the wave function with
the dipole operator instead of the P,T-odd interaction.
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Significant differences were observed between the results
obtained using both the approaches. However, we notice
good agreement in the EDM results that were evaluated
by the RCC and RNCCSD theories when they are per-
turbed by the dipole operator. This suggests that less
numerical uncertainties are introduced to the calculation
of EDM in this procedure. This test is important to test
the reliability in the calculations of EDMs in atomic sys-
tems. By analyzing the polarizability results and testing
their reliability through the above procedure, we recom-
mend enhancement factors to the EDM of 225Ra due to
NSM and T-PT interactions as −6.29(1) × 10−17|e|cm
(|e|fm3) and −12.66(14)×10−20〈σN 〉|e|cm, respectively.
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